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We investigate non-standard neutrino interactions (NSIs) in the triplet seesaw model featuring 
non-trivial correlations between NSI parameters and neutrino masses and mixing parameters. We 
show that sizable NSIs can be generated as a consequence of a nearly degenerate neutrino mass 
spectrum. Thus, these NSIs could lead to quite significant signals of lepton flavor violating decays 
such as n~ — » e~p<j7^ and fi + — > e PJi/ M at a future neutrino factory, effects adding to the uncer- 
tainty in determination of the Earth matter density profile, as well as characteristic patterns of the 
doubly charged Higgs decays observable at the Large Hadron Collider. 



I. INTRODUCTION 



Recently, a large number of studies has been dedicated 
to the phenomenology of neutrino oscillations and non- 
standard neutrino interactions (NSIs) emerging from the 
effective Lagrangian of the form 



-NSI 



-2^2G F e% c {VZfP L Uf,) (f^Pcf) , (1) 



where / and /' denote charged lepton or quark fields, 
Gf is the Fermi coupling constant, and Pr, and Pc (with 
C = L,R) stand for different chiral projectors. It is gen- 
erally expected that the effective operator comes out of 
an underlying theory respecting (or even encompassing) 
the Standard Model (SM) gauge symmetry upon inte- 
grating out a certain set of "heavy" degrees of freedom. 

A vast majority of the previous works was concerning 
the matter-induced NSIs or NSIs at source and/or de- 
tector at the level of the effective operator ([1]). Here, 
instead, we focus on a particular extension of the SM 
featuring an extra 5[/(2)L-triplet Higgs [j], 0, Q, which 
provides a very popular and simple scheme for accommo- 
dating Majorana masses of neutrinos within a renormal- 
izable framework, and indeed, can induce significant NSI 
effects in a future neutrino factory. 

This work is organized as follows. In Sec. [Hi we present 
the relations between the effective NSI parameters and 
the triplet Yukawa couplings. Next, Sec. IIIII is devoted 
to a thorough discussion of the experimental constraints 
stemming namely from exotic charged lepton decays, giv- 
ing rise to upper bounds for the NSI parameters. Then, 
in Sec. IIV1 we provide a simple estimate of the possible 
effects at a neutrino factory and at the Large Hadron 
Collider (LHC). Finally, in Sec. [V] we summarize our 
results and conclude. 
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FIG. 1: Tree level Feynman diagrams with the exchange of 
heavy triplet fields. The corresponding diagrams are respon- 
sible for (a) a light neutrino Majorana mass term, (b) non- 
standard neutrino interactions, (c) NSIs of four charged lep- 
tons, and (d) self-coupling of the SM Higgs doublet. 



II. LIGHT NEUTRINO MASS MATRIX AND 
NON-STANDARD INTERACTIONS 

We consider the simple extension of the SM with an 
extra Higgs triplet [j], 0, HI • Gauge invariance allows one 
to add the couplings between the Higgs triplet and two 
lepton doublets as well as a coupling of the scalar triplet 
to the SM Higgs doublet Q 

Ca = Y af3 Ll a Cio- 2 AL f l + \^ T i<j 2 A^ + H.c. , (2) 
where A is a 2 x 2 representation of the Higgs triplet field 



A+/V2 A++ 
A -A+/V2 



(3) 



and Y is a 3 x 3 symmetric matrix in flavor space. Writ- 
ten in component fields, the Yukawa couplings in Eq. ^ 
receive the form 



- A ++ i%P L t p 



A% a P L v p - -i=A+ (tZPLVp + v c a P L tf}) 



+ H.c. 



(4) 
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Integrating out the heavy triplet field at tree level (as 
illustrated in Fig. [T]), one can obtain effective dimension 
five and six operators, which are responsible for light neu- 
trino masses and NSIs, respectively, 0, [H, [|| 



£nsi 
Cm 



YapXtpV 2 1 

2 = —7;{jn v ) a pv La u L p , (5) 



'A 



{W»P L v )(l p ^P L Q , (6) 
(IZ^PlIp) (Tp^PlIo) , (7) 



where v ~ 174 GeV is the vacuum expectation value of 
the SM Higgs field. For the NSIs © to be potentially 
sizable, we must require the triplet to be rather light, 
typically at the TeV scale. Notice that in such a case the 
dimensionful parameter A^ associated with the trilincar 
Higgs coupling must be small enough to keep the abso- 
lute neutrino mass scale proportional to X^v 2 /m\ in the 
sub-eV range. However, this could be natural, since the 
symmetry is enhanced in the zero A^ limit Q. 

Comparing Eqs. (O and (|6|) with Eq. (P), we can estab- 
lish relations between the light neutrino mass matrix and 
NSI parameters in Eq. ([1]) as (for left lepton chirality) 



-p° _ 

'a/3 — 
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(m u )~ (ml) 
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Equation (jSJ) clearly shows the correlations between the 
NSI effects and standard oscillation parameters in the 
triplet seesaw model. According to Eq. (jSJ), it is easy to 
see that the NSI parameters are not independent, and 
in fact, they arc strongly tied to the structure of the 
light neutrino mass matrix m v . However, not all the 
e's are physically interesting parameters. For the prop- 
agation process in long baseline experiments, neutrinos 
encounter Earth matter effects and only electron type of 
NSIs e™^ = e^g contributes to the matter potential. In 
addition, Eq. JS]) affects neutrino production at neutrino 
sources, especially for a neutrino factory. More generally, 
both the processes pT — > e~v p pp (corresponding to the 
NSI parameter e e Ji) and pT — > i 



t Vf3 (corresponding to 
£ ap w ith a p) may occur, and their contributions have 
to be added to the SM transition rate either coherently 
or incoherently, depending on the specific situation. In 
the following section, we will discuss the current experi- 
mental constraints on these NSI parameters in detail. 



III. CONSTRAINTS ON NSI PARAMETERS 

We now summarize the current experimental con- 
straints on NSI parameters defined in Eq. ([8]) . The most 
stringent experimental bounds come from the lepton fam- 
ily number violating (LFV) decays p — > 3e and r — > 3£, 
which are tree-level processes induced by £41 in Eq. ijTj). 
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TABLE I: Constraints on various e's from I — * £££, one-loop 
L — > i'y, and p + e~ — > p~e + processes. The experimental 
bounds have been obtained from Refs. [9I. fTll[ . 

In terms of NSI parameters, the corresponding decay 
widths are given by Q 
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Another type of stringent constraints on the current 
model comes from the rare radiative lepton decays l a — > 
IpTf, although these processes emerge at one-loop level. 
In neglecting the light charged lepton masses, we have Q 



a 25 



T(t 
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As for the diagonal parts of Y, strong bounds come 
from Bhabha scattering and muonium to antimuonium 
conversion, which lead to |V ee y^ | < 0.1 x (toa/I TeV) 2 
Q. There are also constraints from the universality of 
weak interactions, precise experimental measurements of 
the W boson mass and the p parameter, which are rela- 
tively weak compared to the bounds discussed above [T3| 
and will not be elaborated on in our calculations. 

The constraints are summarized in Table |TJ Notice 
that the stringent bounds listed in Table [J are related 
with at least one off-diagonal entry of m v . In order to 
receive sizable NSIs effects in neutrino experiments and 
avoid large LFV processes at the same time, one expects 
the flavor non-diagonal parts of m v to be relatively small. 
Hence, m v should take an approximately diagonal form, 
which is quite favorable in the case of a nearly degenerate 
(ND) neutrino mass spectrum mi ~ m2 — 1713. Then, m v 
approximates to a unit matrix, and the only relevant NSI 
parameters are e™ and = (s^)* ■ Focusing on the 
ND case, one can at leading order neglect the neutrino 
mass-squared differences, so that the generic formula ((SJ) 
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is simplified to e.g. 
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8V2G F v 4 Xl 



E^ 



8V2G F v 4 X' 2 , 



E^ E^ 
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where U is the leptonic mixing matrix. The generic upper 
bounds on the NSI parameters (jHJ) with respect to the 
lightest neutrino mass mi are illustrated in Fig. 2, in 
which a normal neutrino mass hierarchy mi < 7712 < TO3 
is assumed. We take the triplet Higgs mass toa = 1 TeV, 
which is a typical value within the sensitivity range of the 
LHC. As for neutrino mixing angles and mass-squared 
differences, we adopt the values from a global fit given in 
Ref. [IH, and allow all the CP violating phases to range 
from to 2-7T. Similar constraints can be obtained in the 
case of an inverted neutrino mass hierarchy, since the NSI 
parameters are only sensitive to mi in the ND region. 

Clearly, only e™ and are significant at large mi 
regions, and they are similar in size. The upper bound 
l £ e{ll ~ l e "el $ 3 x 10 -3 can be obtained according to 
Fig. [2j As for the other NSI parameters, the upper 
bounds are rather strong, which means that there is no 
hope for them to be discovered in the near-future long 
baseline experiments. Thus, and are the only rel- 
evant quantities to be taken into account in the triplet 
seesaw model, and we will proceed to investigate their 
effects at a neutrino factory and at the LHC. 



IV. NSI EFFECTS AT A NEUTRINO FACTORY 
AND AT THE LHC 
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FIG. 2: The upper bounds on the NSI parameters governed 
by Eq. (|8)l with respect to the lightest neutrino mass mi. 
Given mi, the ratio of mA/A^ in Eq. (jHJ) (or A^ 1 if nii is 
fixed) is pushed up unless any of the bounds in Table U is 
saturated. The solid curves correspond to constraints on |ej^g | 
parameters, while the dashed curve shows the upper bound 
on the \el£\ (or \e£l\) parameter. Equations ((T3j) and (fli)) 
yield the asymptotic values of |e|fj| and |e^| in the ND region 
(shaded). The wiggles on the curves are numerical artifacts 
given by the granularity of the scan over the parameter space. 




The concept of a neutrino factory is proposed to pro- 
vide the ultimate high-precision measurement of the 
leptonic mixing parameters and neutrino mass-squared 
differences. However, the pure and intensive neutrino 
beams produced in muon decays make such a future fa- 
cility an ideal place to look for non-standard physics. 

a. Wrong sign muons at a near detector: The most 
striking signal of the underlying triplet model at a neu- 
trino factory corresponds to the processes 

H~ — ► e~vJ7^ and fi + — ► e+T^is^ , (15) 

leading to would-be observable rates of the "wrong sign" 
muon tracks in a near detector [l3l |. the so-called zero- 
distance effect [l4[ . For instance, a significant admixture 
of the first process in (|15p within the standard muon de- 
cay fjT — > e^VfJT^ would cause an observable component 
of fi + to appear along with the "standard" ^-produced 
muons (in the \x~ run) well before the oscillation effects 
— ► set in at longer distances (of the order of a 
few hundred kilometers). Let us remark that the relative 
appearance rate of the "wrong sign" muons in a near de- 
tector is approximately given by le^l 2 f° r the \i~ run 
and by |e^e| 2 for the /i + run, respectively 
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FIG. 3: Sensitivity limits at 90 % C.L. on the parameter 
e = \e%u\ as a function of the distance (L) from the source to 
the near detector. The solid and dashed curves correspond to 
sin 2 20i3 = 0.01 and 0.1, respectively. 

In what follows, we illustrate the feasibility of observ- 
ing such a signal in the near detector of a typical neu- 
trino factory setting. For our numerical simulations, we 
use the GLoBES software [H, [H] including a standard 
Abstract Experiment Definition Language (AEDL) file 
to describe neutrino factory experiments. We assume a 
setting with approximately 10 21 useful muon decays of 
each polarity and 4 years of neutrino running plus other 
4 years of antineutrino running. A magnetized iron detec- 
tor with perfect charge identification and a fiducial mass 
of 1 kt are considered. We show in Fig. [3] the sensitivity 
to e e as a function of baseline length for a near 

detector. The parent muon energies are labeled in the 
figure. It is obvious that a neutrino factory provides an 
excellent sensitivity to probe this type of NSI effects. The 
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precision of e is limited by the baseline (due to the oscil- 
lation effects), especially for a large 6*13. Thus, a distance 
L < 10 km would be favorable for the near detector. 

Of course, our numerical demonstration in Fig. [3] is 
only an illustration, and in fact, a detector with fiducial 
mass 5 kt and 1 + 1 years of running also result in similar 
sensitivities. For the sake of completeness, a more sys- 
tematic analysis of NSIs at a neutrino factory is desirable. 
However, since the main purpose of this letter is to clar- 
ify the situation about the potentially sizable NSI effects 
in the triplet seesaw model, a detailed numerical study 
is beyond the scope of this work and will be elaborated 
elsewhere. 

b. Earth matter density profile uncertainties: In a 
long baseline experiment, the NSI parameter e™ enters 
the Hamiltonian as a shift in the Earth matter density, 
which can be inferred in seismic measurements. There- 
fore, precision measurements of e™ are related to how 
well the matter density uncertainty can be constrained. 
In Ref. [l7|, with the assumptions of the matter den- 
sity uncertainty around 1 % and a sizable mixing angle 
sin 2 2#i3 = 0.1, a sensitivity of the order of a few percent 
can be achieved in a neutrino factory with a two-detector 
setup. An improvement by a factor of few would be pos- 
sible if higher muon energies are considered. Once an 
accurate geophysical estimate of the Earth matter den- 
sity uncertainties becomes available, one then may hope 
to perform a high sensitivity test on e™ in practice. 

c. Like-sign di-lepton production at the LHC: It 
has been pointed out that, in the parameter region 
\cf,v 2 /m\ < 10~ 4 GeV, the dominant decay channels of 
the doubly charged Higgs arc A^^Jf^ (c.f. Ref. [3), 
and the partial decay widths are governed by the cor- 
responding triplet Yukawa couplings r(A ±=t — ► ^t^p) oc 

|^a^| 2 Ma- According to the analysis above, these widths 
are correlated to NSI parameters, since both these quan- 
tities are sensitive to the neutrino mass spectrum. In the 



case of sizable NSIs, A ±:t produced at the LHC should 
predominantly decay into a pair of identical leptons. Sim- 
ilarly, one can expect significant NSI effects if the branch- 
ing ratios of decays to identical leptons A ±:t — > £^£^ 
would be dramatically larger than for the other channels. 

V. SUMMARY 

We have argued that within the framework of a triplet 
seesaw model sizable NSIs can naturally emerge as a con- 
sequence of a nearly degenerate neutrino mass spectrum. 
Numerically, upper bounds for the effective couplings like 
|e| < 3 x 10~ 3 have been obtained. We have studied in 
detail the potential of revealing some of these parame- 
ters at a near detector of a future neutrino factory and 
discussed in brief their possible effects on the determina- 
tion of the Earth matter density profile uncertainties and 
also collider signatures. We stress that NSI effects arc 
generic features of the seesaw models, and thus should 
be always properly dealth with. Combined analysis of 
the electroweak precision tests, the neutrino oscillation 
experiments, and the future LHC results would be very 
helpful to figure out the underlying physics behind the 
neutrino masses and mixing as well as non-standard neu- 
trino interactions. 
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